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T HIS article describes the first SUCCeSBfUl dire& 
exposure of unprotected terrestrial micro-organisme 

t.o the environment of space, snd their recovery. In the 
courBe of genetic and other studies, biological materiale 
have previously,been flown on board balloonB1*‘, rockets’ 
and B&ditt3B’~*-6, but the orgcmnisms were sealed in pro- 
tective veesele within the vehicle, and were therefore not 
directly exposed to the space environment. 

Up to the present time the survivability of micro- 
organisms in space has been 8 metter for Bpeculation 
and extr8polation of terrestrial laboratory d8taa-14. 
The space environment has been viewed meinly as one 
extremely hostile to 811 forms of life, in part due to the 
hi& flux of bioloeicallv lethal ultra-violet and ionizine 
&&ion. Howe&, some indirect evidence concern& 
the existence of extraterrestrial life h8s been found by 

, physiochemical methodB16. The degree to which such 
hotors 8s extreme de&cation end very low temperatures 
may OffBet the lethal agents has not been completely 
assessed, though much work has been donea+g~lZ~l~; the 
general view has been that these will not cause the rapid 
death of known life forms. The degree to which agents 
such as shielding or speci81 chemicals may offer protection 
is totally unexplored. 

The subject is not merely &n academic one, containing 
as it doee fund&mental questions concerning the spreed 
and origin of life throughout the universe, and there is 
immediate relevance to the present space exploration 
progr8mme in respect to the extremely difficult and costly 
efforts to avoid the contamination of other planets with 
terrestrial microflora. In this 8rea definitive knowledge 
is badly needed concerning the survivability of surface 
mnt8min8ntS BUWiViIIg BteIdiZ8tiOT.I Of space ships or 
picked up during 18unch, and on the improb%ble but 
theoretically possible event of contamination occurring in 
space. 

With these questions in mind, a progmmme W&B initiated 
for investigation of the presence and survivability of 
I I I iCrO-OrgaIk’nB in Bp8Ce, 88 8 Bubsidiary prOjeCt to 



the Dudley Observatory micrometeorite research pro- 
gramme. 

Two flight experiments will be described, one using a 
rocket for short-term exposure at high altitude, the 
other a balloon for longer exposure at lower altitude. 
Additional laboratory experiments were performed to 
throw more light on the cause of the inactivation found. 

Rocket-borne Exposure Experiment 
The rocket experiment ,utilieed an Aerobee rocket 

flown at the White Sands proving ground and took place 
on November 16,1964. The payload was a micrometeorite 
collection device developed by the Ames Laboratory of 
the National Aeronautics and Space Administration. 

&am&e preparatiotz. The samples consisted of sterile 
surfaces of autoclaved nylon-reinforced ‘Millipore’ filter 
disks for the collection of micro-organisms during flight, 
and also additional surfaces coated with dried preparations 
of various terrestrial micro-organisms ; these were : Bacillus 
suhtilis spores, Chlorella pyrenoidosa cells, poliovirus type 
III (wild), and Escherichia coli bacteriophage T,. Unfor- 
tunately the sterile surfaces and the B. subtilis and 
Chlorella specimens were lost during the flight; details of 
their preparations are therefore omitted. 

Nylon-reinforced ‘Millipore’ filter membranes (450 rnp 
porosity), each approximately 1 cmz in area, were cemented 
to lucite plates and autoclaved. Aqueous suspensions 
(consisting of the appropriate culture media) of the viruses 
were prepared and 0.1 ml. volumes were spread on to these 
surfaces. These were vacuum dried at room temperature 
11 days before lzumch. The samples were prepared in two 
identical parts, one of which was shiolded with heat- 
sterilized aluminium foil 381~. thick. Duplicate sets were 
prepared. Both were stored under vacuum in their 
collection boxes. Each box had a bellows switch which 
permitted detection of any serious vacuum leaks. Th% 
ground set was for laboratory control of the loss of viability 
or infectivity due to the drying procedure and storage 
at room temperature on the ground throughout the experi- 
mental period; the flight set was flown on the rocket. 

Rocket flight exposure. The rocket flight’exposure and 
collector experiments were carried out in one of four 
compartments within each of two identical collection 
boxes. Each box had an oxposure area of approximately 
930 cm2. The payload was similar in design to the Venus 
‘Fly Trap’ micrometeorite collectorlG. Twelve evacuated 
collection boxes were mounted on three hydraulically 
actuated arms. They wore protected by a cylindrical 
aluminium shroud during launch and upward travel 
through the atmosphere. At altitude the shroud w~ls 
hydraulically olcvated and the collection boxes were 
extended on their arms until their exposure areas were 
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approximately perpendicular to the spin axis of the rocket. 
The Aerobee rocket wss lauuchcd at about 11.20 a.m. 

Mountain Standard Time on November 16, 1964, from the 
White Sands Missile Range at White Sands, New Mexico. 
An approximate altitudo-time profile for this flight is 
shown in Fig. 1. The exposure began at an altitude of 
approximately 80 km and the rocket reached & height of 
155 km at apogee. The collector closed when the payload 
had fallen to about 106 km. The samples were exposed 
nearly directly upward for approximately 233 sec. Coning 
of the rocket was negligible. Unfortjunately the collector 
malfunctioned and the collection boxes were not resealed. 
It also appears to have reopcnod violently a few seconds 
before the parachute deployed at an altitude of about 
4.25 km. Whon tho parachute deployed, the arms were 
slammed shut again. The collector was recovered 4 days 
after the flight. The box containing the biological samples 
appeared to have suffered the least damage although it 
was separated from its cover by about 1 cm and the 
micrometeorite collection surfaces were dirty. The thin 
nitrocellulose collection films flown in the same box as the 
biological experiments were partially intact, suggesting 
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Fig. 1. Rocket altitude v~mus time 

3 



Table 1. VIRUS TITKES IN ROCKET EXPERIMENT 
NjlP.P”p Ground set Flight set 

VhlE Shielded Exposed Shielded Exposed 
!I’,-bacteriophage * 9 x 10’ 8.3~10' 2.9~ 10’ 2.6 x lo6 I x 10’ 
l?ollo type III t 1.5 X 10’ 5.3 x 10” 3.1 X 10” 3.3 x 10’ 0 

+ Titrated at the end of the experiment after recovery, 15 day8 after 
launch and 26 days after preparation of the dried disks. 

La. 
Titrated 22 days after launch and 33 days after preparation of the dried 

dis 

that re-entry heat damage to the biological samples was 
not serious. 

On December, 1, 1964, the unflown box and the flight 
box were returned to 12lbeny. 

Assay techniques. Fifteen days after launch, the T,- 
phage samples were immersed m  10 ml. beef infusion 
broth for 4 h; the broth was then assayed for viable 
phage using the agar layer technique of Barlow~7 for !f’l- 
phage plaque assay. Twenty-two days aftor launch, the 
poliovirus samples were washed in 10 ml. Eagle’s medium 
containing 3 per cent foetal bovine serum and tested 
using the plilque assay as described by Deibel et c~l.~S*~~ for 
poliovirus. The viability is expressed throughout as the 
number of infective virus particles (plsque-forming units, 
P.F.u.) per sample area; the number of viablo virus par- 
ticles originally seeded on the sample area was calculat,ed 
from a similar assay of the inoculum. 

Results. The microbiological results of the rocket flight 
are shown in Table 1. It is evident that 26 days after 
inoculation the ground set phage viable count showed an 
insignificant loss due to drying which in this oxporimont 
was remarkably low; in the case of the ground set polio- 
virus, the loss was much greater since the driod viable 
count fell by a factor of 10’. There was no significant 
difference between shielded and cxposod portions of 
either virus. The shielded sample of T,-phage of the flight 
unit showed a viability not significantly difforcnt from 
the controls, whereas the unshielded viable count had 
fallen by a factor of 10’. The unshielded count is based on * 
a total of 10 plaques found after plating 3.4 ml. of eluttte 
on to 18 separate Petri dishes. 

The viable poliovirus fell by a factor of lo2 in the 
shielded flight sample, and by a factor of at least lo3 in 
the exposed sample, to a level below the threshold of the 
assay system which was 16 infective virus particles per 
cma of sample surface. 

Ba!loon-borne Exposure Experiment 
The balloon exposure experiment was carried out, ss  

p+rt of a Dudley Observatory micromctoorite collection 
experiment sponsored by the Nstional Aeronautics and 
Space Administration. On December 14, 1964, the 
balloon was launched at the Nations.1 Center for Atmo- 
spheric Research, Scientific Balloon Flight Station, at 
Palestine, Texas. 
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Smqde preparation. The micro-organisms used con- 
sisted of bacteriophage I’, and a heat-resistant Penicilliuon 
mould l’en,icillium roquejorti Thorn. Aqueous suspen- 
sions of these organisms were placed on 450 rnp nylon- 
reinforced ‘Millipore’ filter sheets previously cemented to 
aluminium plates used as sample holders, and dried at 
room temperature. Each ‘Millipore’ filter sheet had an 
area of about 1.5 cm2. Three identical samples were 
prepared on December 4, 1964, ten days bofore the flight, 
exposure. One of the two flight samples was shielded by 
a sheet of approximetely 2-mm-t.hick aluminium. The 
third sample served as the laboratory control. 

Balloon jlight exposure. The micrometeorite collector 
in which the biological mat,erials were exposed w&s rectan- 
gular in shape and presented exposure areas of epprox- 
imatoly 235 cm2 in both the box and its cover. It was 
mount)ed and flown on top of a 3.8 x  IO5 ma balloon, while 
telemotry, ballast and auxiliary instrumentation were 
located beneath the balloon. 

During leunch and ascent, the collection box was locked 
shut. At altitude it was unlocked and opened by radio 
command from the ground. An independent telemetry 
channel indicated whether the box was fully opened or 
fully closed. During the flight exposure, the exposure 
areas were in a horizontal plane and faced upward. After 
the flight exposure, the box was closed and relocked by 
ground command. The flight was terminated by cutting 
off the bottom payload, and the top payload was then 
released and brought back to earth. Further details of 
this micrometeorite collection technique in which the 
biological exposure was carried out will be published at a 
later date. 

The balloon and its payloads were launched at the 
Balloon Flight Center of the National Center for Atmo- 
spheric Research at Palestine, Texas, on December 14, 
1964, at 2.40 a.m. Central Stand,wd Time. Thoy reached 
an oltitudr of 34.8 km at, 5 am. C.S.T., and the exposure 
began at 5.05 a.m. C.S.T. over Coushatta., Louisiana. The 
altitude of the balloon varied from approximately 33.5 
to 35 km during the exposure. During ascent the sample 
temporatmc fell to - 7.5” C, and rose to -45’ C at float 
altitude before sunrise. The balloon drifted rapidly 
eastward and sunrise occurred at about 6.15 n.m. C.S.T. 
After sunrise the substrate tompcratures rose steadily to 
about 24” C and remained near that value for the rest of the 
flight. The samples were exposed t,o sunlight for about 

Table 2. TITRF.S* IN BALLOON EXPEKUIISN~ 
NO.0fP.F.U. Labora- 

ORWliSm seeded 
Flight, set 

tory set, Shi4ded EXpOWd 
T,-Bacteriophsgo 1.2 x 10’ 5 x 10” 2.7 x 10’ 1.2 x 108 
I’micilliu?n 

roqueforti Thorn 1.9 X 10” 3.x x IW 1.5 x 10’ 7 x 103 
* Titrated at end of cxperimcut after recovery, 4 days after lmnch, 14 

days after seeding. 
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4 h. At 11 a.m. c.s.T., the box was closed and locked. 
The top payload landed near Linden, North Carolina, 
at 12.17 p.m. C.S.T. 

Results. The microbiological results of the balloon 
flight are shown in Table 2. In this cxpcriment, using a 
different drying technique, the phage loss of the control 
was unfortunately much greater than in tho previous 
one. The 6-h exposure at 34 km reduced the titre of the 
exposed flight set by a factor of only 10 compared with 
the shielded flight set. However, in t,he case of the Per~icil- 
Ziwm mould, drying caused no change in the viable count 
whereas the flight exposure reduced it by 102. With 
both organisms, viability of the flown shielded samples 
was not significantly different from the laboratory controls. 

Laboratory Experiments 
Experiments were performed in the laboratory in an 

attempt to throw light on the nature of the primary cause 
of the inactivation. Dry T,-phase on ‘Milliporo’ filter disks 
cemented to ‘Lucite’ plates was exposed to air at a temper- 

l- 
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set 
Fig. 2. Heat inactivation of dried TI-phage lysate. Dry !I’,-phage Iyssate 
on ‘Mlllipore’ filters cemented to ‘Lucite’ plates was exposed to air at a 
temperature of approximately 149’ C. Afer 20, 40, 100, and 200 set 
exposnre, samples were eluted and assayed for infectivity as described in 

the text 
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Pig. 3. Dried l’,-phsge lysate after ultra-violet irradiation. Clarified 
(450 r.p.n for 10 min.) T,-pbage 1ys;~t.e was air dried ou ‘Millipore’ filter 
of lo-rnfi pore size (S), en ‘Millipore’ Alter of 450-1~ pore Rise (L), 011 
glass slides (cd), and a T,-phage suspension containing 5 per cent yeast 
RNA on glass slides (IV). From ZI distance of 10 WI, the sa~nples were 
ultra-violet irradiated using a Wcstinghousc ‘W1782- 20’ U-bent germi- 
cidal la~np. After 5, 25, 125 and 825 set of exposure, samples were 

elnted and assayed for infrct,ivity as drsrribcd in t,lre text, 

ature of approximately 150’ C, as measured with a WestJon 
‘2210’ thormomet,er. Tho sample temperature was also 
measured using a calibrated thermister. The result, is 
shown in Pig. 2. Aftor 100 set .the number of I?.F.U. had 
dropped by a factor of lo3 and the ‘Millipore’ filter started 
to show a slight brown discoloration. The temperature 
of the sample rose asymptotically and had rttichad 153” C 
at this time. No. T.F.U. were recovared after 260 set, 
when the ‘Millipore’ filter was brown and the ‘Lucite’ 
plates wcro distorted considerably. By this time the t*emp- 
erature of the sample had risen to 180” C. Poliovirus did 
not survive hoating under the same conditions for 20 sec. 

Ultra-violet light irradiation. Fig. 3 shows the ultra- 
violet inactivation of dried T,-phage lysates as a function of 
exposure time with and without 5 per wont yeast’ RNA on 
glass slides, also of dried T,-phago lyaates on ‘Millipore’ 
filter with 450.ml” and IO-ml* porosity. The pcrcontage of 
surviving P.F.U. iS demonstrated. A Westinghouse 
’ WL-782.20’ U-bent germicidal 1um.p TV~F, used. The 
samples wore kopt at a distance of 10 cm from the ultra- 
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violet source. Fig. 4 shows the ultra-violet inactivation 
of purified wet T,-phage suspensions in Eagle’s medium 
without indicator, one of which contained 5 per cent yeast 
RNA. It will be noted that in all cases the ultra- 
violet inactivation proceeded logarithmically at first, 
but, after dropping by a factor of lOI-102, levelled off to 
an almost constant value. The suspensions containing 
RNA showed the least inactivation. 

Soft X-ray &activation. Clarified T,-phage lysate on 
10 rnp millipore filter disks of a diameter of approximately 
3 mm was air dried and exposed for 5 min to soft X-rays 
in a vacuum, using a Philips contact microradiograph. 
The potential across the X-ray tube was 1.25 kV and the 
tube current was 2 m.a.mp. Thus the or anisms were 
exposed to X-rays of wave-lengths of 10 w and longer. 
Ten identically prepared samples were used as controls 
and for the irradiation. After 5 min irradiation the 
value of the infectivity was only reduced by about 50 
per cent; the avcragc P.F.U. count per sample area fell 
from 2.9 x IO3 to 1.G x 103. 

t 
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Big. d. Ultra-viol& inactivation of purified wet T,-phage. ‘Millipore’ 
filter disks were seeded with a purified T,-phage suspension (P) and a 
pmfled !I’,-phage srlupeasion containing 6 per cent yeast IWA (N) in 
Eagle’s medium without indicator. The wet samples were irradiated 
with ultra-violet light as described in Fig. 3. After 6, 25, 125 and 300 
SW, samples were eluted and assa;;ytfor infectivity as described in the 

Discussion 
While these experiments are preliminary, the complete 

lack of comparable data on micro-organisms fully exposed 
to the space enviromnent leads us to present a brief dis- 
cussion which may be helpful to other workers in this 
field. The main environmental factors which should be 
evaluated as possible causes of the loss of viability of the 
exposed flight samples arc high vacuum, cosmic rays, 
ultra-violet-radiation, X-radiation and temperature ex- 
tremes. In the case of T,-phage and of Penicillium 
mould the results of the shielded samples indicate that 
vacuum, low temperature and cosmic rays do not repre- 
sent significant lethal factors. The poliovirus, however, 
shows definite loss of viability in the shielded sample, 
possibly due to high temperature. The ‘Millipore’ substrate 
of the unshielded polio sample showed evidence of charring 
at the edges. The other shielded and unshielded ‘Milliporo’ 
surfaces did not show any signs of heating. Under labora- 
tory conditions, results showed that it wss not possible to 
inactivate T,-phago by hot air without marked discolora- 
tion of the ‘Millipore’ filter surface. It should bc noted 
that this phage is rcportcd to withstand 145” C in the 
dry statezO. It seems unlikely, though not impossible, 
that the inactivation of the phage was due to heat ; further- 
more, the 38y aluminium shield completely protected the 
T,-phage sample. This shielding is believed to be too thin 
to give significant protection against heat, but certainly is 
sufficient to exclude ultra-violet light and soft X-rays 
which were presumably the main cause of the 104-fold 
inactivation found. 

The two flight experiments were made under quite 
different conditions. The balloon exposure lasted nearly 
G h as compared with the 4-min duration of the rocket 
exposure. Furthermore, the balloon flight altitude was 
only 34 km whereas the rocket exposure ranged from 80 
to 155 km. It is known that the intensities of ultra-violet, 
light and of soft X-ray are considerably diminished at 
balloon altitudes through absorption by the high atmo- 
sphere. The greater survival of the samples during the 
long-term exposure on the balloon seems to reflect the 
greatly reduced flux of ultra-violet light and soft X-ray 
at balloon flight altitudes. The results of the laboratory 
experiments indicate that T,-phago was not screened by 
the ‘Millipore’ filter membrane from ultra-violet light of 
wave-lengths close to 2537 A (as mainly emitted by 
germicidal lamps) even though the average pore size was 
much greater (10 times) than the phage head diameter. 
Thus it is dificult to account for the observed inactivation 
of T,-phage in the exposed rocket sample, on the basis of 
medium and long wave-length ultra-violet light. Further- 
more, the laboratory results indicate that the germicidal 
ultra-viol& light only reduced the titre of dried T,-phage 
by a factor of approximately lo2 and that the addition of 
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6 per cent RNA appeared to decrease the factor to about 
IO’ ; whereas purified wet T,-phage is completely protected 
by 6 per cent RNA. This accords with the concept that 
crude lysatc has considerable shielding ability against 
ultra-violet light of this wave-length. It also seems to 
indicate, as suggested here, that the LO”-fold inactivation 
of broth lysate T,-phage exposed in the rocket experiment 
was only partially due to ultra-violet light of ordinary 
germicidal wave-length. It appears that the observed 
inactivation of T,-phage was due to electromagnetic 
radiation from the Sun, of wave-lengths shorter than 
2600 A, but not sufficiently c!nergetic to pen&rate 38~ of 
aluminium foil. 
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